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ALTERNATING-CURRENT EQUIPMENT FOR THE MEASUREMENT OF
FLUCTUATIONS OF AIR SPEED IN TURBULENT FLOW

By W. C. ~OCK, Jr.

SUMMARY

Recent electrical and mechunhd ampromnwnts have
been made in the equipment developed ai’ the National
Bureau of Standards for the measurement qfjluctuatioiw
of air speed in turbulent ji!.ow. D&a uwful in th design
of 8imiI.4wequipnwd are pre8enied. The deeign of red+
jai al.ternuting-cwwn-t power supplies for wch apparatw
is treaied brie$y, and t?w e~eci of the pouw supplies on
t]u performance of the equ@m+?nt is d&w8ed.

INTRODUCTION

The demand for experimental data on fluctuations of
air speed in turbulent air flow still continuss, sad the
hot-wire anemometer remains the tool most frequently
used in the attempt to meet this demand. In three
earlier papem (references 1, 2, and 3) the development
of the equipment used at the National Bureau of Sttmd-
ards has been described in some detail as has also its
application to various turbulent-flow investigations.
Since the publication of reference 3 further investiga-
tions have been conducted (references 4, 5, 6, and 7).

The apparatus described in reference 3 has been exten-
sively changed so that its use is aimpliiied and its per-
formance improved. It was therefore felt desirable to
publish a description of the revised equipment and to
provide certain design data that might be of use to
designers of similar apparatus. The paper @t de-
scribes the improved equipment now in use at the
National Bureau of Standards, gives a brief treatment
of the design of power supplies for such apparatus, and
discusses the effect of the power supply on the per-
formance of the amplifier.

Recapitulation of the information contained in refer-
ence 3 has been avoided as much as possible, so that the
entire paper may be considered a continuation of the
earlier one. The work was carried out at the National
Bureau of Standards with the cooperation and fiancial
support of the National Advisory Committee for
Aeronautics.

The author wishes to aclmowledge the valuable as-
sistance and advice received from the other members
of the staff of the Aerodynamical Physics Section during
the design and construction of the apparatus and in the
preparation of this paper.

L THE NEW NATIONAL BUREAU
STANDARDS EQUIPMENT ~

OF

As stated in referenca 3, the assembly of equipment
used for measurement of air-speed fluctuations consists
of five parts: (1) the wire itself; (2) a Whetstone
bridge for measurement of the wire resistance at room
temperature; (3) an apparatus with suitable switching
arrangements for supplying the wire with heating cur-
rent, measuring the voltage drop across the -wire at
various air speeds for calibration purposes, and, ilmdly,
transferring the fluctuating voltage drop across the
wire to the ampMier input; (4) a suitable amplifying
system, including the requisite compensation for the
amplitude reduction and phase lag of the hot wire; and
(5) a final measuring instrument.

Improvement of this equipment has been effected
through simplification of operation and maintemmce
rather than by modification of the basic prinoiple.
The major change has been the substitution of rectiiied
alternating-current power supplies for the battery
supplies previously used. This and other changes that
have been made will be considered separately for each
component of the assembly. t

Figure 1 is a photograph of the present apparatus;
figure 2 is an outline drawing with the various compo-
nents identified.

HOT WIRES

The hot-wire remains as nearly as possible pure
platinum 0.015 mm in diameter and 4 to 8 mm long.
Reeent investigations (reference 7) indicate the advis-
ability of using short wires; therefore the present hot
wires are usually 5 mm or less in length, whereas for-
mtily 8 mm was the usual length. Welding still proves
to be the most satisfactory method of attaching the hot
wire to its supporting prongs although, when the wire
is used in a slack condition, ordinary soft soldering
has been fairly satisfactory.

W’HEATSTONE BRIDGE

The Wheai%tonebritie used for measurim the resist-
ance of the hot wire at room temperature remains
unchanged. It is a standard laboratory appliance.
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CONTROL EQUIPMENT

The apparatus for supplying and measuring the heat-
ing current, measuring the mean voltage drop across
the hot-wire, and transferring the fluctuating voltage
drop across the hot-wire to the amplifier remains essen-
tially the same as described in references 1, 2, and 3 as
far as the electrical circuit is concerned, although its
mechamicil arrangement has been modified in the
interests of ease of maniptiation. The only electrical
change is the substitution of a two-circuit nonlocking
push button for the single-circuit galvanometers key
formerly used. This substitution allows the reference
battery circuit, as well as the galvanometerscircuit, to
remain open except when a reading of the galvsmometer
is to be taken and greatly reduces the drain on the
reference battery, making possible the use of standard
no, 6 dry cells instead of a storage battery.

Ampllfier

Compensation

Confro/

Oscil/ofor

B/onk

—

lowed noise in the first stage and highest amplification
in the second and third stages were obtained with the
combination shown. It was not detedned whether
this result was due to inherent differenws between the
tube types or merely to individual differences between
the particular tubes available for trial. In another
ampl.i.iiera di.ilerentcombination might prove superior.

-b incidental advantage of the new tubes is that in the
first two stages, where the voltage to be amplified is
quite low, a satisfactory grid bias may be obtained
from a 1.5-volt flashlight-type dry cell inserted in
series with the cathode. This arrangement allows the
grid reaistom to be connected directly to ground, which
in turn makes it possible to place the amplification
control directly in the grid circuit where it acts also as
the grid resistor. The grid bias of the third stage was
made adjustable because of the larger input voltages

I encountered by this tube.

AMPLIFIER I
Flmm 2.-Outlhadrawing01tlwaltanatlngemrent nppmntns,

The fourth unit of the apparatus, the amplifier, has
been completely redes”~ed electrically, as may be
seen from the schematic circuit diagram of the entire
equipment (fig. 3).

TUBESANDGEIUBIAS

l?or the previously used type 224 tetrode tubes, a
type 77 pentode has been substituted in the iirst stage
and type 6C6 pentodes in the second and third st~~es.
These tubes have somewhat superior characteristics to
the ones that they replace. The improved characteris-
tics result in considerably increased gain per stage and,
because of the pentode construction of the tubes, they
are much less critical in regard to screen grid voltage.

Although these pentodes supposedly have nearly
identical electrical characteristics, it was found that
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AMPLIFICA’ITONCONTROL

The use of an amplification control is necessary be-
cause of the wide range of voltages to be measured.
The location of this control in the circuit is dictated by
considerations of protection of the tubes from overload
and the maintemmce of a high ratio of amplified voltage
to noise. The noise is an important factor because its
magnitude determines the smallest voltage that may be
measured, while overloading sets the limit for the
largest.

The most important source of noise in an ampliiier is
the first tube and the circuits associated with it. Noise
originating in the tube is caused by irreb@rities in
electron emission horn the cathode, which pro-
duce fluctuations in the plde current. Associated
circuit noise may be due to thermal agitation in the
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input circuit or fluctuations in the power-supply volt-
ages. Of these, input circuit noise will be negligible
because of the comparatively low input resistmce (usu-
ally less thsm 10 ohms), and power-supply vol~oe
flucturdions may be made negligible by proper dwign,
leaving only the tube noise as eihctive.

Since this noise originates in the plate circuit of the
fit tube, it is important that full use be made of the
amplification of that tube in order that the vohkqgeto be
measured may arrive at this point as hrge as possible
relative to the noise originating there. This require-
ment means that the amplification contxol must not be

INPUT CIRCUITS
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Push buffon
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E

from one tap to the next the amplification is changed
by a factor of 2, the total range of control being 64:1.
In the pretious equipment this amplification control
acted also M the load resistmce of the first tube and
therefore had in series with it the internal resistance of
the plate-voltage source. This source was a bank of
lead-acid stmage cells, and their very low internal
resiw%mcedid not greatly affect the calibration of the
amplification control. In the case of the present ap-
paratus, however, it was desired to use rectitiecl alter-
nating current for the plate-voltage supply and, be-
cause of the much greater internal resistance of this
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placed ahead of the fit tube. On the other hand, if the
amplification control is not placed in the circuit ahead
of the second tube, the large amplification of the first
stage may cause overloading of the second or following
stages when large values of turbtience are measured.

The amplihation control is therefore located between
the iirst and second stages of the ampMer, as in the
previous equipment. The present ampliller,however, is
diiferent in that this control is in the grid circuit of the
secnnd stage rather than in the plate circuit of the first
stage. It consists of a resistor of 1,600,000 ohms. The
total resistance has taps so located that by switching

supply, the ampli.iication control was moved to the
grid circuit of the second tube.

Another advantage of this arrangement is tlmt the
possibility of a change in calibration due to unequal
heating of the resistors is reduced because no direct
plate current flows through the control. Furthermore,
as now arranged, the coupling condenser is now Dlwmys
at the lowest possible voltage, which reduces the chnnce
of condenser leakage with its attendant change in grid
bias and amplification. As a result of this alteration,
the present control chnngea the gain by a factor of
exactly 2 per step.
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COMPENSATIONCIRCUIT

The only electrical change in the compensation oir-
cuit is the return of one terminal to ground rather than
to the high-potential end of the plate resistor. This
change reduces the direct-ourrent voltage drop across
the circuit, with consequent reduction in direct current
through the circuit, and the possibility of leakage
through the capacitor coupling the circuit to the follow--
ing tube. It also allows one terminal of the resistor
controlling the compensation to be grounded, which
somewhat simplifies the mechanical construction.

In the’ foregoing discussion of the compensation cir-
cuit, as well as in the discussion of the amplification
control circuit, the importance of reduoing coupling
capacitor leakage has been stressed. With the large
capacitances required, space limitations dictate the use
of paper dielectric capacitors that have insulation prop-
erties inferior to the more bulky mica dielectric capaci-
tors. Undesirable effects, such as noise and variable
amplification that may result horn the use of paper
coupling condensem, may be reduced by lowering the
voltage acrow them. Any circuit change9, therefore,
that will reduce the potential difference across the coup-
ling capacitors will be an improvement.

OUTPUTSTAGE9

Reference to figure 3 will show that the output stage
of the present amplifier differs markedly from the ar-
rcmgements used in previous equipment. Since it is
desired to measure only the alternating-current output
from the amplifier, it is necessmy to provide some
means for keeping the direct plate current of the output
tubes from flowing through the measuring instrument.

Three general means to this end exist: fit, the
use of rLtransformer to couple the meter to the output
tube or tubes; second, the use of a “bucking-out”
battery so couected that it supplies across the meter
a direct voltage drop equal and opposite to that caused
by the direct plate current of the output tube; third,
the use of some balanced system, such as that employed
in the present equipment, so arranged that the meter
is connected across points of equal direct voltage but
unequrd alternating voltage.

A transformer has the advantages of simplici~ and
complete elimination of direct current through the
meter, but Unforhmately it is not possible, at present,
to obtain a transformer that will give uniform output
over the range of desired frequencies-namely, from
less than 6 to over 5,000 cycles per second.

The second system, the use of a bucking potential,
has been used in the previous equipment with success.
However, it generally requires a battery of some sort,
and one of the reasons for construction of the apparatus
described herein was to eliminate, as far as possible, all
batteries. In addition to the nuisance of battery
maintenance, a battwy system has the disadvantage

3s54s-3-32

)f requiring careful adjustment of the operating voltages
md currents of the output tube to such values that
ihe direct-oument voltage drop across the meter is
~qual to some voltage that may be conveniently ob-
ained from a dry-cell battery; that is, some multiple
]f 1.5 volts. Otherwisesome form of variable resistance
nust be incorporated in the circuit so that the bucking
roltage may be made equal to the voltage drop aoross
ihe meter. The use of a resistance for this purpose un-
woidably insertsresistance in serieswith the measuring
nstrument, with resultant loss in sensititi~ and a
>hangein sensitivity with change in %ucking-battery”
~oltage during the life of the battery.

The third system, the use of a balanced or “push-pull”
]tage as in the present equipment, eliminates the buck-
ing-battery troubles. It also offers the advantages of
qeater alternating-current output and independence
of balance on tube operating voltages and currents as
long as both tubes operate under the same conditions
of input voltage and supply voltage. h practice
this system is balanced for no directiument through
the meter as follows: The load resistors in the tube
plate circuits are tit adjusted to the same resistance,
md the contact arm of the balance adjusting resistor
between them (@. 3) is set on the midpoint. The
plate currents of the two tubes are then made equal to
each other, and to the desired value, by means of the
independent grid voltage controls. These operations
having been performed, the output-meter circuit is
attached, and the direct-current bihnee meter observed.
If this meter then shows no current, the balance is
correct. If some current is indicated, a slight readjusb
ment of the grid biases should be made. Small un-
balances may be corrected by means of the balance
adjusting resistor between the plate resistors. A final
check on the balance is made by applying an alternating
voltage of magnitude just less than that causing over-
load of the wnpliiier. H the balance remains correct
under this condition, the output stage is in proper
adjustment. If the stage becomes unbalanced, dissimi-
larity of the tubes is indicated, and other tubes must
be tried until a matched pair is found. Practically no
trouble of this nature has been experienced.

Experiments have .&own that the most suitable
operating conditions for the output stage of the balanced
type differ somewhat from those of the single-tube
type. In the instance of the single-tube output ampli-
fier used in the previous ampMer (reference 3), the
grid voltage was adjusted so that the tube operated
on the straight portion of its curve of grid voltage-plate
current chsxacteristic, the ‘%lass A“ mode of operation,
in which the average plate current is oonstant. With
the balanced or “push-pull” type, however, it has been
found that beat operation is obtained when the adjush
ment is more nearly that of the “class B“ mode, the
grid biasea being adjusted so that the tubes operate
near plate current cut-off. (See fig. 4 (a).)
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When so operated, the average plate current is nol
constant but varies with the applied alternating voltage
The distortion that would result if a single tube -mm
used under these conditions is avoided by the push-puI
connection. Attempts to operate the tubes with lW
grid bias and higher plate current lead to a higher am-
plification but to a reduced range of input voltages fo]
which a linear relation exists between input voltage
and output current. (See fig. 4 (b).) me best bias,
depending as it does on the type of tubes used, the
plate vobge available, and the load conditions exist-
ing, should be determined by trial for each particuhu
installation. For preliminary design purposes the bias
may be approximated quite closely by extending the
str~~ht portion of the curve of dynamic grid bias-plate
current characteristic until it intersects the axis of zero
plate current. The grid bias at which this intersection
takes place is then that bias which will give the bal-
anced amplifier a linear characteristic over the greatest
range of input voltage. This is the adjustment illus-
trated by Iiewe 4 (a).

~ub~’~ Appfieda.c. (a) A,op/\:eda~c.~1
grid volfoge gridvvffoge

FmuEE4.—M0deof opatfon of output amplifler.

In the instance of the balanced output ampliiierstage
now in use at the National Bureau of Standards, type
2A3 tubes are used because of their very high mutual
conductance. This characteristic gives a laxge change
in plate current for a given change in grid voltage.
Furthermore, their low plate impedance allows a rea-
sonable match between meter-cimuit impedance and
tube impedanm without the necessity of insertion of
excessive resistance in series with the meter in order to
avoid distortion. WM these tubes and a plate voltage
of 400 volts the best operation is obtained when the
grid bias is so adjusted that the plate current of each
tube is about 5 milliamperes without input voltage.
When input voltage is applied the plate current in-
creases, becoming approximately 25 rnibmperes per
tube at maximum allowable input.

PHASE INVKRTEE

The use of a balanced output stage introduces an
additional problem not encountered in the previous
equipment. Because of the manner in which they are
connected, the tubes of the balanced ampMer require

input voltages exactly equal in magnitude and wave
shape, but 180° apart in phase. In an ordinary mn-
pliiier these voltages would be obtained by using a
coupling transformer having a center-tapped secondary,
the grids of the balanced amplifier being connected to
the opposite ends of this secondary winding. Since
transformed are not usable at the lower frequencies
under consideration, recourse must be had to some
other method.

One such method that has proved very satisfactory is
the use of a phase-inverting tube. This system takes
advantage of the fact that the amplified alternating
voltage appearing across a resistance load in the plate
circuit of a vacuum tube Mere 180° in phase from the
applied alternating grid voltage that causes it. The
circuit is so arranged that the alternating volt~ge ap-
plied to the grid of one of the balanced amplifier tubes
is passed through one more stage than that applied to
the grid of the other, this additional stage having an
amplification of 1:1. Thus the grids of the two bal-
anced amplifier tubes receive voltages 180° apart in
phase but equal in magnitude.

A practical circuit of this type is that incorporated
in the present amplifier and illustrated by figure 3.
For economy of space a type 53 twin-triode tube is
used instead of two separate similar tubes. This type
53 tube consists, in effect, of two identicrd triodes, each
having a voltage amplification of about 20. The &et
]f these triodes is inserted directly between the high-
:ain ampli.iierand the grid of the upper of the two bal-
mced amplifier tubes. The second receives its input
kom a voltage-reducing tap on the plate resistor of the
bat, amplifies this voltage, and applies it to the grid
]f the lower balanced ampMer tube. The two bal-
mced ampliiier tubes thus receive grid voltages that
zre 180° apart in phase and, when the voltage-reducing
jap feeding the second half of the type 53 tube is
]roperly adjusted, are equal in magnitude.

A similarresult might be obtained by eliminating the
me 53 tube and feeding the grid of one of the balanced
Amplifiersfrom a suitably located tap on the plate
wistor of the other, This arrangement would, of
>ourse,sacrifice the voltage gain of appro.xinmtely 20
hat occurs in the type 53 tube as now used, The
:hoice of method employed thus depends somewhat on
he ampl.iflcationnecessary in a given installation.

OUTPUTMETZR

One of the greatest sources of annoyance in the oper-
kion of the older equipment was the frequency with
rhich the highly delicate O to 5 milliampere thermo-
Jement alternating-current milliammeter was burned
Iutby momentary overload. The output meter usedin
he new equipment was designed to overcome this
rouble and consists of a O to 500 microampere direct-
urrent micrownrneter operated by a separate heater-
ype thermoelement. This combination gives a full-
cale reading with a current of 25 milliamperes through
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the hater of the thermoelement and has a maximum
sufe current-carrying capacity of 40 milliampere. In
serieswith the heater, which has a resistance of 10 ohms,
is placed a fied resistance of 300 ohms. The purpose
of this resistance is to prevent distortion by making the
total resistance of the meter circuit large enough to
act as rLreasonable load for the output tubes of the
amplifier. The exact value of the resistance used is
not critical. No d.iflerencein performance of the am-
pliiier except a slight loss in over-d sensitivi~ could
be detected when the 300 ohms used was increased to
1,000 ohms. Resistances less than 300 ohms were not
tried, as no great increase in sensitivity, or any other
benefit, could be expected from their use.

Although the present meter is only one-iifth as sensi-
tive as that employed in the previous equipment and
the sensitivity is still further reduced a slight amount
by the addition of the seriesresistance, the amplification
of the new amplifier is sufficiently greater than the
older one that the actual sensitivity of the equipment
from hot wire to meter reading is not decreased.
Furthermore, the ruggedness of the meter is so much
greatcwthat no trouble whatever from meter burn-out
has been experienced in service.

POJvER SUPPLY

The apparatus of reference 3 was entirely battery
powered, requiring a total of three 6-volt storage bafi
tories, 1,200 small storage cells, three 45-volt dry bat-
teries,and four 4.5-volt dry batteries. The great bulk of
this voltage-supply equipment, together with its weight,
its comparatively short life, and the almost constant
effort required to keep it in good working condition
made it highly desirable to use an alternating-current
power supply, rectifying and filtering wherever neces-
sary. The new equipment occupies approximately
one-tenth the volume of the old plate voltage supply
battery alone, weighs somewhat less, has almost un-
limited life, and requires little or no attention.

EIGHVOLTAGE

Two separate transformers, rectifiem, and filters are
used to supply the high direct-murent voltage for
plates and screens. One of these sets takes care of the
requirements of the high-gain stages and the phase-
inverter stage; the other ftihes only plate voltage
for the output stage. Both supplies have the same
output voltage, namely, 400 volts direct current, but
difler in other respects.

The power supply for the &oh-gain and phase-
inverter sttiges is provided with taps giving 50 volts
direct current and 250 volts direct current for screens
and high-gain ampliiier plates, respectively, as well
as the full output of 400 volts for the phase-inverter
plates. The filter for this supply consists of three
40-henry 60-milliampere chokes and a total of 180
microfamds of filter capacitance, arranged as shown
in figure 3, The rectifier tube used is a type 80 high-
vacuum full-wave rectfier.

The power supply for the output stage differs from
the above-described supply mainly in the amount of
filtering provided. Since the output stage has in itself
very little amp~cation, and particularly because it
is not followed by any other amplifier, the filtering
necessary to keep the hum tit the desired low level is
much less than in the case of the high-gain stages.
Two 20-henzy chokes capable of carrying 200 milli-
amperes are used in conjunction with 31 microfarads
of capacitance arranged as shown in iigge 3.

It will be noted that series resonant circuits are
employed in this filter as well as the usual pi type
low-pass sections. These series circuits are resonant
at 120 cycles per second, the main ripple frequency
of the rectitier’s out-put wave; and their purpose is to
increase the iiltering efficiency without the use of large
values of capacitance and inductance, particularly the
latter.

LOWVOLTAGE

The low voltages necessary for cathode heating in the
new equipment are supplied from the 1lo-volt alter-
nating-cument power lines by step-down transformers
or windings on the high-voltage transformer, instead
of by storage batteries. This change results in a con-
siderable reduction in weight and bulk.

It was thought that excessive hum n@ht be intro-
duced by this change, but tests of the completed ampli-
fier have shown that the total hum, both from this
source and from the high-voltage supplies, is too low
in magnitude to be measured by the output meter
even when maximum amplification is used.

Low voltage, of the order of 50 volts, for the screen
‘&ids of the high-gain tubes is obtained from the high-
voltage power supply. The method of obtaining screen-
grid voltage for the fit stage diflers from that used in
the second and third. The reason for this difference is
discussed in the section of this paper dealing with the
effect of the power supply on the amplifier character-
istics.

The last portion of the power supply proper is the
grid bias system. Here dry cells or dry-cell batterk
are used as in the previous equipment. The retention
of batteries for this purpose is justified because of their
long life in such service, their compactness, and their
low internrdresistance compared with any practical sub-
stitute. In almost all cases the drain on the bias bat-
teries in the new equipment has been either completely
eliminated or substantially reduced so that greater
battery life may be espected than before.

VOLTAGEREGIJLATTON

The use of rectiiied alternating-current power sup-
pliw with amplitien capable of amplifying very low
frequencies leads to unexpected difficulties when the
power supply is operated from commercial power lines.
In addition to gradual changes of voltage, which are
annoying in that they cause corresponding changes in
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amplifier sensitivity, such lines usually caxry quite
rapid voltage fluctuations, caused by switching tran-
sients and other load irregularities, which have fre-
quencies high enough to be ampliiied by the ampliiier.
Such fluctuations of the line voltage may produce an
excessively high and variable noise level, or dangerously
large transientsin the ampl&r. For this reason it has
been found necessary to provide voltage regulators
between the nominally 115-volt alternating-current line
rmd the power supplies of the amplihr.

TWOtypes of regulation are used. First, a commer-
cial automatic voltage regulator entirely remove9 the
slow changes in line voltage and reduces the transient
changes ta a low magnitude. Second, a manual con-
trol of voltage, in the form of an autotransformer having
rLpractically continuously variable voltage ratio, in-
serted in the line between the automatic voltage regu-
lator and the power supplies, takes care of voltxqge
changes due to line and power-supply heating and
makes possible intentional voltage changes. These
two type9 of voltage regulation almost completely elimi-
nate all line-voltage troubles, making the amplifierinde-
pendent of line conditions as long as the line voltage
remains between the limits of 90 to 130 volts.

MECHANICALARRANGEMENT

In the design of the apparatus considerable attention
was given to mechanical lay-out. It was desired to
have in the completed equipment a tool that might
be used with maximum convenience by one operator.
At the same time it was necessary to observe certain
precautions in the matter of electrical shielding and
power+mpply location. Ease of repair and main-
tenance also entered into the problem to a considerable
extent. The result of compromise between these sore+
times conflicting factors is the apparatus illustrated by
fi=gures1 and 2. Figure 1 is a photograph of the entire
equipment as used, including a small cathode-ray
osciUograph not properly a part of the assembly.
Figure 2 is an outline drawing showing the panel laY-
out of the equipment.

Two separate units are used. That on the left in
both figures consists of the amplifier and all controls
directly associated with it, as well as calibrating and
testing equipment. That on the right contains the
power-supply equipment and controls.

Both units are assembled on standard steel relay
racks taking panels 19 inches in width and multiples
of 1X inches in height, with a horizontal clearance of
17% inches between vertical rack membem. All
apparatus is mounted horn its panel, and each indi-
vidual panel, with its associated apparatus, may be
removed as a unit for inspection or repair. The
apparatus behind each panel, in the case of the amplifier
rack, is fitted with a metal case or dust cover, which
also acts as a shield against stray electrical fields in the
room. The apparatus on the power-supply rack is

covered by one large dust cover supported from the
rack itself rmd removable as a unit. This general
method of construction is one that has been widely
used in the telephone and other communication fields.
It gives compactness with a maximum of accessibility
and requires a minimum of floor space.

The amplifier panel carries three direct-current
milliammeters, the amplification control switch, and
the tie adjustment for balance of the output stage.
By means of a plug-and-jack arrangement it is possible
to measure the plate current of the various tubes using
the three mete= provided. Input rmd output con-
nections to the amplifier are likewise made by means of
plugs and jacks.

The arrangement of the amplifier bebind the panel
is such that all grid and plate leads are very short and
each stage is sepaxated from the others by aluminum
shields. All grid and plate leads are kept as far as
possible horn tie metal shielding to reduce the loss of
amplification at high frequencies. All power-supply
leads arerun in shielded cables with the shieldsgrounded
to the amplifier framework at frequent intervals and
are kept well away from the grid rmd plate leads of
the tubes to reduce the possibility of hum pick-up.
The input lead to the ampl.iiieris also shielded, and the
shielding is grounded, both to reduce pick-up of stray
fieldsin the room and to prevent coupling between input
and output circuits of the amplifier. The possibili~
of such coupling is still further reduced by trdcinginput
and output leads horn opposite ends of the amplifier.

The compemation-cticuit panel carries a four-dial
O-10,000-ohm decade resistance for compensation ad-
justment, aswell as a double-pole, double-throw, locking
push-button switch arranged to connect either the
compensation circuit or a 5,000-ohm reiistor to the
ampliiier, the resistor being used for ampl.itiercalibra-
tion. Behind this panel, supported by a bakelite shelf
in a large aluminum box, is the compensating coil. As
much space as possible was allowed around the coil in
order to prevent excessive reduction of its effective
inductance by the metal shield. Attempts to operate
with no shielding were unsuccessful because of the stray
field pick-up of the large compensation coil. This
trouble w= experienced in the previous amplifiers also,
but to a much lesser extent because of the smaller
amplibation of that eqw.pment.

Below the compensating-coil panel is that of the
potentiometer and control apparatus. Here, conveni-
ently grouped in one spot, are all the controls and meters
necessary for routine operation of the equipment with
the exception of the compensation adjustment, whioh
is within easy reach on the panel above. The use of an
arrangement such as this effects a worth-while saving
in time and effort.

The apparatus on the panel is as follows: From left
to right in the top row, the alternating-current micro-
ammeter indicating the current input from the calibrat-
ing oscillator; the three-dird decade O-1,000-ohm
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resistrmce of the potentiometer for setting the heating
current and measuring the mean voltage drop across
the wire; and the directwmrrent microammeter used,
in conjunction with a thermoelement, as the output
meter. In the nest row are the galvanometers for
indicating balance in the potantiometm circuit; the
comae adjustment of heating current; a direct+mrrent
millimnmeter for rough indication of heating current;
the line adjustment of heating current; and the direct-
current milhnmeter used to indicate balance in the
output stage of the ampliiier. The bottom row consists
of the combined galvanometm and reference-battery
key; a five-position, four-gang switch to be described
later; and the jack ior the outprkmeter key, which for
convenience is attached to a short, two-wire flexible cord.

The above-mentioned five-position, four-gang switch
replaces the cumbersome plug-and-jack system em-
ployed in the earlier apparatus to control the potenti-
ometer and nmp~er input circuits. In the first of the
five switch positions the potentiometer and standard
cell me so connected that the voltage of the reference
battery may be measured. In the second position the
potentiometer is connected rwross a known iixed
resistance in the heating-battery circuit so that the
current through the hot-wire may either be measured
or set to some predetermined value, In the third
position of the switch the potentiometer is connected
across the hot-wire so that the mean voltage drop may
be meaaured. In the fourth position the hot-wire is
connected across the input of the amplifier so that the
fluctuating voltage drop may be amplified and measured.
Finally, in the fifth position, the ampliiier input is
connected across a 20-ohm resistor in the oscillator
output circuit for calibration and testing purposes.
Thus the switch with five settings performs the same
functions as thesis jacks and three plugs formerly used.

Behind the control panel are mounted the standard
cell, the reference battery, and the various tied and
variable resistors associated ‘ivith the potentiometer
circuit and oscillator output circuit, as well as the
thermoelement and resistor used in the ampliiier OUL
put circuit. Shielding between input and output
circuits is provided, and all apparatus is contsined in
an nluminum outer shield with a removable back.

The unit below the control panel is the General Radio
type 377B audio-frequency oscillator used for calibra-
tion and testing. This oscillator is the one used with
the earlier equipment, adapted for rack mounting.

The last unit on the amplifier rack is a blank panel
covering space reserved for future espansion.

The power-supply rack carrieaall power supplies and
voltage controls, with the exception of the automatic
voltage regulator, which is momted some distance
away so that the amplifier will be less affected by the
external field it produce-s. Starting at the top the first
two panels are blanks reserved for future use. The
third unit is the power supply for the high-gain and
phase-inverter stagea of the ampl.ithr. On this panel

are mounted an on-off switch controlling the input to
the power supply, a red pilot lamp to indicate when the
power supply is in operation, and a set of small jaoks
connected to the various high voltages amdable at the
poww-supply output. The main panel of the power
supply is J@ch cold-rolled steel; this heavy material
is used because of the very considerable weight of the
power-supply equipment. The component parts, which
are of the “bottom comection” type, are mounted on
a verticaJ subpanel about 2 inches behind the main
panel and of the same material. The space between
main and subpanels is used for the wiring, which is
thus protected and hidden.

In order to reduce the external alternating-current
field of the power supply, all chokes and transformers
are emdosed in very heavy cast cases of high perme-
ability iron alloy and as much of the wking aa possible
is ccmiinedto the space between main and subpanels or,
in the instance of output and input leads, to the in-
terior of the channels forming the vertical membem of
the rack.

The fourth unit is the power supply for the output
stage. This unit differs from the third unit only in
the electrical details that have been discussed previ-
ously. The mechanical arrangement is identical to
that of the other power supply. The fifth unit is the
input-voltage control panel, and carries the main
alternating-current power switch, a pilot lamp, the
manual voltage control autotransformer, and an alter-
nating-current voltmeter that indicatea the input
voltage to the power supplies. The sixth unit is a
service panel carrying several outlets for alternating
and direct current, and a battq-charging outlet. The .
last panel carries a 2.5-volt transformer which supplies
heating current for the output stage iilaments. On the
face of the panel aremounted a switch, a pilot lamp,
and am outlet that allows the 2.5 volts alternating
current to be used for any purpose.

As mentioned previously, a sheetAron dust cover
enclose9 the rear of all apparatus on the power-supply
rack. This cover also provides some shiekling in ad-
dition ta the iron cases of the individurd components
of the power supplies. Further shielding is obtained
by enclosing all leads connecting the two racks in
grounded lead-foil coverings.

PERFORMANCE

The important features of the perfor&mce of the
complete equipment axe summarized by the two cmrves
of figure 5.

In comparison with the performance of the pretious
equipment (figs. 9 and 11 of reference 3), it is seen that
some improvement has been eflected in the frequency
characteristic of the uncompensated amplifier. The
new apparatus maintains its amp~cation constant to
3,000 cycles per second, whereas the older amplifier
started to lose amplification at about 1,600 cycles per
second.
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The comparison between the compensated frequency
characteristics of the two sets of apparatus is not
quite so favorable. Becrmse of the unavoidable de-
crease in the effective inductance of the compensa-
tion coil, caused by prosimity to its shielding box, the
resonant frequency has been lowered from 4,000 to
3,500 cycles per second. This fact, together with other
effects probably due to the use of a power supply
having high internal impedance compared with the
storage cells formerly used, causes the frequency charac-
teristic to depart born the ideal at a somewhat lower
frequency than before. The height of the resonant
peak, however, hrtsbeen reduced rindit is felt that the
slight sacrifica in frequency-characteristic performance
is offset by the increased reliability and usability of the
apparatus.

Other features of the performance, not evident from
the curves shown, are a sixfold increase in sensitivity,
which allows the use of a more rugged meter without
loss in effective sensitidy, and an improvement in the
constancy of ampliticdion control setting ratios.

IL POWER-SUPPLY DESIGN

In the selection of a power-supply system for an
ampl.iiier there is no doubt, from the standpoint of
electrical design, that batteries, particularly storage
batteries, offer the best results. The cost, the bulk,
and the problem of maintaining a batte~ power supply
make it desirable, however, to design an alternnting-
current operated power supply that will give srdisfnc-
tory electrical performance.

For cathode heati.njg,alternating current of the proper
voltage may be directly applied to the heatem of the
indirectly heated crtthodo type tubes and successful
performance obtained even in high ampli.&wtion am-
plifiers. In the output stage of the amplifier, directly

heated cathode tubes are generrdly satisfactory, The
only precautions necessary are: grounding of the zero
potential point of the heater supply circuit, shielding
of the supply wires to the tube sockets, the use of some
discretion in the placement of these supply wiresrelative
to grid and plate wiring in the amplifier, and the use of
maggetictiy well-shielded transformers located some
distance from the amplifier and of ample capacity for
the load to which they are connected.

The design of the high-voltage supply is a more com-
plicated matter. It divides itself more or less naturally
into twOphases. First, the treatment of the problems
peculiar to the power supply itself, namely, the proviion
of sticient iiltering and power capacity. Second, the
consideration of the effect that the power supply will
have on the characteristics of the amplifier, entirely
apart from the possible introduction of hum and noise.
These phases will be discussed separately.

FILTERDESIGN

A rectified alternrdingaurent power supply consists,
~ general, of ~ tr~former to tie the commercial tie
voltage to the required high voltage, rectifiers to change
this high voltage from alternating current to pulsating
direct current, and a iilter system to remove, as nearly
w possible, all these pulsations, leaving only o pure
iirect current of the desired high voltage.

INDUCl!ANCEINPUTFILTEZ

Nhny types of transformers,rectifiers, and filtersmay
~e used in various combinations, but certain combina-
5ons are more common thsn others.. Of these the most
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:ommon is the single-phase full-wave transformer and
~ctiiier working in conjunction with an inductance
nput filter. This type is shown in &ure 6 (a). The
mtput from the system consists of a series of voltago
yds= having twice the frequency of the alternating
nmrent supplied to the transformer. Neglecting the
ninor effects of voltnge drop in the rectifiers and
mmsformer leak~~e reactance, these voltage pulses
~pproximatethe shape of arches of sine waves, as shown
n iigure 6 (b).
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If the input inductance of the filter ~ is made
sufhcient]y kwge to satisfy the inequahty

(1)
Lb& Gdc

where u~ & the reactance of ~ to lowed frequency in
mctifler output;

BL, load resistance into which the iiltor works;
e. .. amplitude of the lowest bequency component

in the rectifier output voltage;
and e~c)direct-current voltage in metier output;
a fairly constant input current to the filter will be
maintained. Under thus condition the voltage across
01 will fluctuate only slightly about a value equal to the
average voltage of the rectifier output pulses (fig. 6 (b)).
The action of ~ and c, is to reduce still further the
magnitude of the fluctuation. It is possible to reduce
the fluctuation components to as small a portion of the
total output voltage as may be desired by maldng
~, ~, (7,, and c, sufficiently large, or by adding similar
sections.

Amuning that the input inductance is large enough
to satisfy relation (l), the residual fluctuation compo-
nents in the filter output may be computed with sui3i-
cient accuracy by considering that the output voltage
wave, ef, from the rectifier has the form g“ven by the
Fourier series 1

2e(et=; 1–;COS 2+ Cos4&i&

—&os6 do””” o *2 Cosmot), (2)

where e is the peak value of alternating-current voltage
applied to rectifier,

u=2n-f,
and j is the supply-voltage frequency.

The output wave of the form shown in equation (2)
may be applied”to the filter under consideration, and the
network solved for the value of the components in the
Nter output by the usualmethods for complex networks.
This procedure is somewhat laborious, however, and
sufficient accuracy may be obtained by means of a
shnp~ed computation.

Assuming that the reactance of each seriesinductance
is large compared with the reactance of the preceding
and following shunt caprtcitancssand that the reactance
of the output capacitance is small compared with the
load resistance, the following expression is approxi-
mately true,

1 G
@(L& “ “ “ “ -&) (m% “ “ “ “ @‘z

(3)

where e{ is the magnitude of a given akernating-current
component applied to filter;

eO,magnitude of the same component at the out-
~ut of the filter:

n, n&nber of sectio& in the filter;

:Thfah the Fonrk eqmnslon of the Imfkfne wave shown in tlg. 6 (b).

LIto Ln, series inductance;
?I to (7*,slnmt capacitemm;
md j is the frequency of the component under con-

sideration.
For the two-section iilter of @me 6 (a) equation (3)

]ecomes

eO_ 1

;f— Q+LLGQ2”
(4)

In the application of the preceding approximate
>quations the magnitude and frequency of each com-
?onent of the rectifier output may be substituted in
hum, and the resultant magnitude of this component
n the output horn the filter obtained. In order to
implify this procedure, equation (2), giving the magni-
iude of the components of the rectifier output, may be
mitten in tabular form as follows, by givirg the direct-
mrrent output voltage the value 1.00.

TABLEI

VOLTAGH RELATIONS IN SRiGLE-PHASE FULL-WAVE

REcmmms

Root mean square a c. voltage applied to each rectifier---- 1.11
l%e d. u. output voltage at reotiiier terminals ------------ L 00
Peak value of lowest frequenoy a. o. component ---------- O.667
Peak value of seoond harmonio of lowest frequenoy a. c.

mmWnent --------------------------------------- O.133
Peak value of third harmonic of lowed. h-equency & o.

mm~nent --------------------------------------- O.057
Frequency of lowe3t frequenoy 8.0. component ---------- 2j
~quenoyofsupply voltige -------------------------- j

In table I it will be noted that the lowest frequency
:omponent has a frequency twice that of the supply
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voltage. Since in most cases the supply @ be from
the usual 60 cycles per second lines, this lowest fre-
quency component will have a frequency of 120 cycles
per second and the next two higher frequency com-
ponents will have frequencies of 240 and 360 cycles per
Becond. In view of the fact that the amplitude of the
higher tiequency components decreases rapidly with
increase in order, while the smoothing action of the
iilter increases aa the 2n power of the frequency, it is
generally m.dicient to consider only the lowest frequency
component of the rectifier output in computing the
filter performance.

CAPACITANCE INPUT FILTEE

Anothar type of rectifier and iilter combination often
used is the single-phase fulkvave rectifier and capaci-
tance input iilter, for which a @-pical schematic circuit
diagram is given in figure 7. The advantages of this



486 REPORT NO. 598-NATIONAL ADVISORY COMMITTEE FOR AERONAUTIC

axmngement, in comparison with the inductance input
system, me an approximately 25-percent incrense in
iiltering action tim a given amount of inductance and
capacitance and a considerably higher direct-current
output voltage for equal alternating-current inputs to
the recti.hrs. The disadvantages are the poor voltage
regulation of me system under a varging Ioad and the
increased load on the rectifier tubes. Neither of these
disadvantages is serious when the rectifier and filter
are to be used to supply high voltage to a light and
constant lend, such as that offered by the high-gain
stages of a t&bnkmce-meamring amplifier.

The action of a capacitance input filter is somewhat
diflerent from that of the inductance input type in
respect to the wave form of the voltage applied to the
first inductance. h the inductance input filter this
voltage d6pends only on the rectiiier, whereas in the
capacitance input filter it also depends on the capaci-
tance of the input condenser.

Each time the alternatig-ourrent voltage applied to
a rectifier anode reaches its peak value, the input con-
denser 0, charges to this same value. Then, as the
alternating-current voltage at the reotiiier falls, the
condenser discharges into ~ until the other rectifier
anode reaches its peak potential and the condenser is
charged again. Siice during most of the cycle the
condenser is more positive than either rectifier anode,
the rectifier current flows for only a short time. Dur-
ing the discharge period of the condenser its voltage
drops at a nearly uniform rate because the inductance
~ tends to draw a constant current. The result of
this action is that an approximately saw-tooth voltage
wave form is applied to the inductance ~.

In order to compute the action of the flter under the
nbove+utlined conditions, it is necessmy to assume
that the impressed wave form has a true saw-tooth
shape with a peak amplitude equal to the peak ampli-
tude of the alternating-ourrent voltage applied to the
rectifier. This voltage, e{, can then be considered to be
represented by the J?ourierseries

eef=
{

2 (sin Wt–; sin 2wt+; sin 3wt–
1+=

l+&L.

. . . . . +: sin Wt)}, (5)

where e is the peak value of alternating-current voltage
applied to rectifier;

c{, input capacitance;
&, load resistance;

nnd j, supply voltage frequency.
The accuraoy of the assumptions on which equation

(5) is based increases as the voltage variation across 0,
decreases, for instance, as 0, aind/or ~ are increased,
but in the worst cases likely to be encountered in
practice the equation will still give results of suilkient
accuracy for most purpose9.

It is possible to compute the magnitude of the residual
fluctuations in the output voltage tim the filter by
solving equation (5) for the magnitude of the fluctua-
tion compormuts in the voltage applied to & and then
using equation (3) exactly as in the case of the induct-
ance input filter. The fact that the direot-current
output from the rectifier and the ratio of the fluctuation
components to this direct-current voltage both depend
on the magnitudw of Gj and & complicates the pro-
cedure somewhat by making it impossible to reduce
equation (5) to a simple table, as equation (2) was
reduced to table I. Equation (5) must be solved using
the values of 0, and R~ that apply to the particular
problem.

R~ONANCEF?LTER

A third type of filtar to be considered is that in whioh
reaonnnt elements are used. Filters of this type find
their greateat application where economy of weight is
important, or where considerations of voltage regultition
make it desirable to use low-resistance series induc-
tance in the filter circuit. Very low resistance in the
series inductance is generally accompanied by low
inductance, unless unusually large reactors wound with
large wire are used. If the series elements are made
pdel resonant at the lowest frequency present in the
reetiiieroutput, it is possible to obtain high attenuation
to this frequenq- bm comparatively small valuea of
inductwm. Alternatively the shunt elements of the
61termay be made series resonant to the main fluctu-
&tionfrequency and a similar effect obtained.

The principal disadvantage of such resonant filter
mrangements is that the large attenuation is obtainecl
wily at the resonant frequency. The higher frequency
fluctuation components are attenuated comparatively
little and may reach the output of the filter with large
zmplitude. A further disadvantage is the fact that the
kductrmce of an iron-core coil, such as a filter reactor,
iepends on the direct current through the coil. Since
thisdirect current is likely to be variable the inductance
may also vary, making it impossible to keep the reaomxnt
element resonant at the proper frequency.

For these reasons it is generally best to employ
remnant filter elements in conjunction with ordinary
seriesand shunt filter elements so that they do not bear
all the burden of filter action. It is also advisable to
use series resonant circuits shunted acrosa the iilter
network because such circuits carry no direct current
and are thus free horn the detuning effects of load our-
rent changes. The filter used in power supply 2 for
the output stage of the ampliiier of figure 3 is an ex-
ample of the combination of seriesresonant and ordinary
titer elements-

If rwonamtiilter elements are combined with ordinary
iilter elements so that an inductance or capacitance
input iilter is formed, the resultant network may be
Bolved for the magnitude of the fluctuation com-
ponents in its output voltage by assuming the input
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voltage to have the form given by either equation (2)
or equation (5).

If a reaommt element forms the ii.lterinput the cOm-
putdion becomes more diflicult. In general, it will be
necessary to detmnine the shape of the input wave
form from an oscillograph record.

CAPACITANCE lHk9R3TANCE FJLTRR

A iourth type of filter that is occasionally used is one
composed of resistance and capacitance elements, iu-
stead of inductances and capacitances. The chief appli-
cation of this type is to power supplies to give fairly high
voltage and small current. Its advantages are economy,
comprdrws, and small external field, all of which are
due to the fact that no titer inductances are used. Its
disadvantages are the need for higher transformer volt-
ages for a given direct-current output voltage and its
poor voltage regulation under variable load. Since
such flters are not ordinarily used with a variable load,
the voltage regulation is not of great importance and it
is usually best to use a capacitance input to the flter,
thus increasing the directiurrent voltage obtainable at

R, R,

FIOIJRE&-&bomrJtto clmdt dogram of capadtanca input rdstana+caradtance
fflk.

the flter input from a giv?n transformer altmnating-
current voltage. Figure 8 shows such an arrangement.

The computation of the smoothing action of this
arrangement may be carried out by asmming the input
voltage ta havb the form given by equation (5) and
solving the network, consisting of RI Rz . . . Rm and
CIC2 . . . Cm,for the fluctuation components of the
output voltage by the usual methods.

&nuning the resistances of R, %, etc., to be large
compared with the reactance of Cl Cl, etc., it, is pos-
sible to derive a simplified formula, similar to equation
(3), the general form of which will be

%_ 1

z—w” (RI% . . . Ra) (GCZ . . . Cm)”
(6)

In the instance of the two-section filter of figure 8 this
equation becomes

(7)

FILTER PERFORMANCE

Regardless of the type of filter involved, its suitability
for a given purpose depends on the magnitude of fhctua-
tion voltage allowable, which in turn is controlled by the
magnitude of the lowest useful amplilier input voltage.

lh.the case of turbuhmce-measuring equipment, 0.001
rolt might be set as the lower limit of the range of
voltages to be measured, and it would be desirable to
ceep the effect of power-supply hum, at the ampliiier
mtput, less than %0 the reading produced by this
ninimum input voltage Emim.

The most importmt point of introduction of hum in
tie ampliiier is in the plate circuit of the first tube, and
ihe voltage introduced here is equal to the hum com-
?onent of the plate current multiplied by the coupling
wistance of the fit tube. That is,

(8)

wherel!7h is the hum voltage across RC due to plate
power supply;

I, plate current of tit tube;
R=, coupling rcsi.storof first tube;
Ea., magnitude of principal fluctuation com-

ponent in plate voltage;
md Ed,, the dhd-cmmt plate Vobkge.

Making allowance for possible hum tim other sources
by the um of the factor 100 instead of 50, and for the
fact that the input voltage is amp~ed by the first tube
before it reaches the point where the hum is introduced,
the relation between rniuimum input and maximum
allowable hum may be written as

Ek_ ~ AIEmin

100 ‘ (9)

where Eh- is the maximum allowable hum voltage
a~rossRC,

E ~fs, minimum input voltage,
and Al, amplification of fit stage.

By the use of equations (2) or (5) with (3), (8), and
(9) it is possible to determine whether or not an existing
rectifier and iilter, or a proposed design, will give
satisfactory remdts. As an example of such a deter-
mination, consider the power supply for the high am-
plification stages of the amplifier described in this
report.

This power supply has a three-section inductance
input flter with an output of 400 volta direct current
at 0.016 ampere, working from a full-wave single-phase
rectifier. I?irst, the vahm

~=40 henries,
RL=26,000 (0.016 ampere at 400 volts),
u =2T (120),

and @ = 0.667 (from table I),
&

are found to satisfy ralation (1). This result indicates
that equation (2) and tkble I may be safely used to
represent the input wave to the filter. From these
it is determined that the principal fluctuation frequency
of 120 cycles per second (for 60 cycles per second power
supply) will have an input peak magnitude of 267 volts.

.
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The ratio of the magnitude of this fluctuation in th[
flter output to its magnitude in the input will be givez
from equation (3) by substituting the values ~, ~
and L=40 henries, Cl and 03=0.00002 farad, a=

0.00004 farad, and w=2r (120), and is 2=5.35X 10-g

From this the value 1.43X 10-o volts peak is obtained m
the magnitude of the principal hum component in thf
output from the filter. The ratio of this component
to the directiurrent output is then

5=3.75X lo-J.

Since a resistance voltage divider is used to reduce
the 400-volt direct-current output from the filter to
the 250-volt plate voltage for the ii-at tube, the hum
component will be reduced by the same ratio as the
direct current and the foregoing ratio will remain the

same. That is, ~=~- Substituting this HdiO in

equation (8), with 1=0.001 and R.=200,000, gives

Eh= 7.15 X 10-7 volts peak, or 5.06X10-7 volts r. m. s.,

which is the hum voltage at the output of the fit
tube.

Substituting this value in equation (9) using A,=1OO
m the amphiication of the fit stage, and 0.001 volt as
the minimum voltage to be measured, the relation is
satisfied and no measurable hum should be expected in
the amplifier output. Tests of the completed ampliiier
verify this conclusion.

In the design of a transformer, rectifier, and filter
combination, various factors influence the choice of
the components used. In thi9 discussion of the prob-
lem, only the full-wave single-phase rectitier will be
considered, because this is the most common type.

h connection with the iilter, little need be said except
that the condensers should be of ample voltage rating
for the voltage to be used and that the iilter reactors
should be capable of maintaining the desired inductance
when camying the direct current required from the
filter. Generally, if the directiurrent voltage does not
exceed 400 volts, electrolytic condensers will be satis-
factory and have the advantage of compactness.
If the peak voltage encountered by the condenser
exceeds 400 volts, as might be the case of an input
condenser in a capacitance input filter, it is best to use
paper dielectric condensem with continuous service
direct-current voltage ratingg at least 1.5 times the
peak voltage.

The filter reactors chosen should preferably be
maemetimlly shielded by heavy cases of cast-iron alloy.
In the selection of the reactors due regard should be
given to their resistance, a.swell as inductance, espe-
cially if the iilter works into a variable load. Further-
more, it is well to minimize the effect of lorid variation
as much as possible by the use of a fairly low-resistance
voltage divider on the iilter output, and it is necessarj

to consider the current drawn by this resistor, as well
as the load current to the ampli&.r, when determking
the required current carrying capacity of the reactor.

There is little choice available in the matter of
rectifiers. Two general @pea may be had in the sizes
suitable for use in power supplies of the type under
discussion, namely, hot cathode mercury vapor recti-
fiers and high vacuum thermionic rectifiers. Of these
types, the first should be avoided, unlessits large current
capacity and low voltage drop are necessary, because
of its tendency to produce high-frequency disturbances.
Tubes such as theme 80, 83V, or 5Z3 will prove satis-
factory and the choice between them depends only on
the voltage and current required from the rectifier
Iiltersystem.

These high vacuum rectifiers have rL large and
variable voltage drop, the magnitude of which must be
determined from the characteristics published by the
manufacturer. It is of importance in the determina-
tion of the transformer voltage necesmry to produce
the required output voltage from the system.

The choice of a transformer for use in a given power
mpply is based on the direc~cument output voltnge
i&d, the power required, and the type of filter to be
used. Assuming that an inductance input iilter is to
~e used, the tr-mformer voltage and power capacity
xm be determined as follows. From table I it is found
ihat the required alternating-current voltage from
>achend of the secondary winding to the center tap is
1.11times the direchmrrent voltage desired, neglecting
;he voltage drop in the transformer, filter, and rectiiier.
I!herefore, to compute the actual alternating-current
~oltage required to give the desired direct-current
mtput voltage, it ie necessary to determine these
leglected voltage drops, add them to the desired
Iirect-current voltage, and multiply by 1,11. In this
amputation it is usual to neglect the voltage drop in
he transformer secondary and the effect of transformer
eakage reactance. Both of these factors are smnll
n any good transformer.

If a capacitance input filter is to be used, the required
Jteniating-current voltage may be determined in the
ame manner as for the inductance input iilter case
xcept that the ratio of alternating-current secondary
oltage to directiument output voltage must be deter-
tied from equation (5). Once this mtio is known for
. given iih%r and load, the rectiiier and filter voltage
hop may be added to the desked direchcurrent output
~oltageand the required alternating-current voltage on
tach side of the secondary center tap, computed,

The mechanical lay-out of the power supply is not
mportant. The components, with the exception of the
ectiiier tube, may be arranged in any manner thot is
onvenient. Provision must be made for ventilation
n placing the rectifier tube, and the tube should pref-
rably be mounted vertically. If the tube must be
mountedhorizontally, it should be so oriented that the
ilaments do not tend to sag toward the plates.



ALTERNATING-CURRENT EQUIPMENT FOR THE MEASUREMENT OF FLUCTUATIONS OF AIR SPEED 489

III. THE EFFECT OF THE POWER SUPPLY ON
THE AMPLIFIER

In rmy multistage amplifying system there is a great
difference between the energy levels of the first and
last stages and, if even a very small portion of the
output energy is allowed to return to the input circuits,
the amplification characteristics of the system will be
greatly affected. The most frequent medium for such
back coupling is the internal resistmce of a common
power supply, such as illustrated by figure 9. Here it
will be noted that the internal impedmce Zc of the
power supply is common to all plate circuits, hence any
voltage drop e, across Z., caused by the plate current
of one tube, will transfer energy to all the other stagw
in the ampli.tier. Since the plate current of each stage
contributes to the voltage drop e,, and because energy
is transferred to each stage by e., the exact mechanism
of the action of Zc on the ampMieris a very complex one.
However, Terman has shown (reference 8) that quite
accurate results may be obtained by neglecting the
interaction between all stages but the iirst and the last.
This procedure is justifiable because the diilerence in
energy level between any other two stages is much
smallerthan that between the first and last. An analysis
of the action of 2. may be made quite easily on this
simplified basis.

FIGURC9.—E4homatloch’emitdiagram of mdtls@ga amplhler with common plote
Voltagesopply.

If the schematic circuit of figure 9 is redrawn in the
form of the approximate equivalent circuit of figure 10,
it is seen that the voltage drop across the power-supply
impedrmce, caused by the amplified alternating currents
in the last tube is

e’=–~’~&p, (lo)

=e.A=elA.14

where p2 is the amplification factor of last tube;
el, a. c. input voltage to second st~~e;
el, a. c. input voltage to last tube;

Rz, load resistance of last tube;
rn, internal impedance of last tube;
Al, amplification between output of fit tube

and input to last tube;
and

Since the impedance Z, is generally very small com-
pared with r, and R, the voltage ecmay be represented
as a source of negligible internal impedance in series
with the plate circuit of the iirst tube.

Hence

= eA+ elAIA.B~- (11)

where e is the alternating-current input voltage to tho
amplifier;

y, amplification factor of the first tube;
R, load resistance of the first tube;
r=,interred impedance of the first tube:

and ~, amplificati~n of first stage, negle~ting the
effect of Zc.

First stop Intermediatestoges Loststage..

Fmom$ lo.—AppmdJJMte equivalent drcalt of multistage ampUfleJWIUI common
plate voltage SQpply.

Rearranging equation (11) in the form

an expression for :=A, the effective amplification of

the first stage, is obtained. For convenience of analysis
this expression may be further rearranged by multi-
plying the righ~hand term of the denominator by A,

‘p+R, which is l/A. That is,and by —
~R

(12)

The final rwdt is an expression for A., the effective
amplification of the tit stage, in terms of lmown or
readily measured characteristic of the arnp~er.
These characteristics, with the exception of ~, R, and
rp are vectors and must be treated accordingly.
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In this connection it should be noted that Al and 4
will either be very nearly in phase or very nearly 180(
out of phase over most of the frequency range of th~
amplifier. If an odd number of stag~ is used in th[
amplifier, the plate currents of the first and last stag~
will be approximately in phase, and the general effecl
of Zo will be an increase in amp~cation. If the total
number of stages is even, a decrease in amplifkatiom
will occur. In either case the modification of amplifi-
cation is not likely to be uniform over the hequency
range of the amplifier because 20 will genersly be
reactive in character and hence will change in magni-
tude and phase angle as the frequency changes, thus
~ A. and, thro~h 4, the effective amplifica-
tion A, of the first stage.

Three general methods may be employed ta eliminate
or reduce the effect of 2. on the amplification. First,
2. may be entirely eliminated by the use of separate
power supplies. Second, its effect may be reduced by
making 20 unimportantly small over the frequency
range of the amplifier. Third, filters may be inserted
in each plate circuit to reduce the common coupling
effect of Z&

The first method is, of course, the most satisfactory
m far as ease of obtaining the desired result is concerned
but has the disadvantage of requiring several power
supplies. However, the stages most likely to give
trouble are those of the high-gain ampMier, and these
stages generally have very modwt power requirements.
If advantage is taken of this fact and individual power
supplies with small low-current high-voltage trarJs-
formers and resistance capacitance iiltem are used, it
may be possible to provide the required number of
power supplies in the available space and without ex-
cessive cost. Sometimes it will be found that the
d&d result may be obtained by provid@ a separata
power supply for only the first stage.

The second method depends for its practicability on
the fact that 2. in most rectified alternating-current
power supplies bas a predominantly capacitive reagk
ante. It is possible to make the alternating-current
voltage drop across Zc negligible throughout the high-
and medium-tiquency ranges and well into the low-
fiequency range of the ampl.iiierby shunting the output
terminalsof the power supply with suitably l~e values
of mpacitanca. However, as the frequency E lowered,
the effect of Zc will eventually become very evident,
usually as a violent low-frequency oscillation of the
ampliiier if an odd number of stages is used or, as a
marked lack of low-frequency amplification, if the
number of stages is even. Because of this difference in
the effect with odd and even numbem of stage+ slightly
differaut remedies are usually employed in its elimina-
tion.

If the number of stages is odd, the usual metiod of
attack is to add enough capacitance across Zo to cause
the frequency at which its effect becomes troublesome
to be lower than the lowest frequency that it is desired

to amplify. The amplifier is then so arranged, for
instance, by reduction of coupling capacitance, that its
amplification decreases rapidly for frequencies less than
the desired lower limit; that is, in the frequency range
where Zc begins to have an important effect. By a
suitable balance of the increase in amplification due to
the effect of Zc against the decrease in amplifumtion
introduced into the amplifier to counteract the effect
of Z., it is often possible to extend the lower limit of
useful amplification to a considerably lower frequency
than the constants of the amp~er circuit alone would
indicate.

If the number of stages is even, the only solution is
to add suiiicient capacitance to the power-supply output
tmmimik to make Zc so small that its amp~oation
reducing effect does not become important at the lowest
ilequency it is desired @ amplify. In the case of
turbulence-measuring equipment, or any ampl.itierto be
used at very low-frequencies, this method requires very
largevalues of capacitance. However, since the output
voltage of the power supply is usually not over 400

%um.11.-%hemetfc circaitd!agrnm cdmultistage arnplltlerwith common plate
vOk9@ SO@y ond dEWtlp~g Ntis

rolts, it is generally possible to use electrolytic capaci-
torsand thus obtain large values of capacitance without
mdue bulk or expense.

Generally, it will be found necessary to provide o
,eparatepower supply for the final stage of the system
)ecause of the comparatively large drop across 20 pro-
luced by the large alternating-current component in
he plate current of this stage. power supplies for the
emaining stages may be provided as convenience or
Lecessitydictate. Usually if an excess of amplification
IKMS in the system, w was the case in the amplifier of
@re 3, the desired performance may be obtained most
lazilyby connecting even numbers of stages to the same
~owersupply. If no amplification maybe sacrificed, it
aay be neces.wuy to arrange the circuit so that each
towersupply serves an odd number of stages.

The third method for eliminating the effect of Z,, the
Be of “decoupling iilters” is frustrated by figure 11
ad by the approximately equivalent circuit of figure
2. This method depends for its operation on the
mertion of a resistance RF in series with each plate
ircuit, and the use of capacitances OF connected be-
ween the junction of the load resistors l?, 31, %, etc.,
tith RF, and the zero potential side of the circuit,
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The function of the cnpacitma 0.. is to provide a low-
impedance path to ground for the alternating-current
components of the plate current of each tube. The
function of the reaistoraRF is to insert a high impedance
between the bypass circuits and Z,, the common cou-
pling element of the circuit, thus helping to coniine the
rdternating-current components to the bypasses and to
keep them out of Z,.

The performance of the amplifier power supply com-
bination, when such iilters are used, maybe estimated
by use of equation (12). It is necessary, howimer, to
solve the circuit of figure 12 for an appropriate ex-
pression for A,. If h solution is accomplished,
using the same resistance for both rmistcm RF and the
same capacitance for both capacitors 0., it is found
that

where RF is the resistance of decoupling filter
re9istors,

and X, is the reactance of CF=2$,” /
The other symbols have the same significance as in

equation (12). If dissimilar resistances are used for
the resistorsRF or &similar capacitances for capacitors
0~, an equivalent, but more complicated, expression
may be derived.

r“

rp R e,

r

J I I y 1
FIOURE12.-Approxtmate aqnivalent ofrmlt of nudllsbw ~Pm with emmon

pkti TOk3@ 9tlp@Y and ‘{damnpll@’ fflters.

Because the decoupling titer action depends on the
maintenance of a high ratio of RF to X., this system
also becomes ineffective at very low frequencies, unless
lmge values of capacitance ar6 used at CF. The system
is one that is widely used, however, and, if the output
voltage of the power supply is great enough so that
high voltage drops in R, can be tolerated, the filters
can be made effective at any reasonable desired low
frequency. The usual procedure is first to make the
output voltage from tie power supply as high as is
is economically possible, then to drop this high voltage
to that needed for proper operation of the amp~er by
making RF large, and finally to add capacitance at
0~ until the desired low-frequency perfomnance is
obtained.

If an even number of stages is used in the amplifier,
the decoupling filters tend to give somewhat better
results than might be indicated by equations (12) and
(13), because as the frequency is decreased, X6 increases,
and its bypwssing action decreases. This remdt allows
RF to become increasingly a part of the load resistance
of the stage concerned, which in turn increases the
ampli6cation of that stage, thus tending to offset the

(13)

decrease in amplification which would normally occur
due to the action of Z.. If an odd number of stages
are used, this effect becomes a detriment rather than
an advantage because the effect of 2. is then to increase,
rather than to decrease, the amplification.

Of the three described methods for eliminating the
common coupling effect of the power supply on a
multistage ampliiier, the tit is undoubtedly the surest
and most satisfactory, especially if extremely low
frequencies must be amplified. The second method
is the simplest, where practicable, and should always
be attempted before resort to more complicated systems.
The third method is a very useful one, especkdly where
amplification at only moderately low frequencies is
n~.

In the description and analysis of the action of the
power supply on the ampliiier, as outlined here, it
has been assumed that the tubes used were triodes.
The results may be extended to multigrid tubes
because, in general, the extra elements are at zero
potential to the alternating-current components of the
voltages being amp~ed, and tbe tubes became equiva-
lent triodes.

When the extra element, for example, the screen grid
of a pentode or tetrode, must be maintained at some
positive direct voltage, it may be connected either to
a tap on the plate voltage power supply or to a separate
power supply. In either case some impedance will exist
between the point of connection and the zero potential
side of the circuit and, if severedtubes are connected to
the same supply, a state very similar to that discussedin
connection with the plate power supply will exist. Each
tube will then act as a triodecomposed of theregularcon-
trol grid, the cathode, and the screen grid acting as an
anode and will have a load impedance consisting of the
impedame of the screen voltage power supply, which
also acts as a common coupling link between tubes.

Fortunately, the conditions will usually be such that
the amplification of these accidental triodes will be
quite low, and their eflect on the main amplifying action
of the amplifier will be still lower. The tiect may
become troublesome, however, ~d pro~lon for its
elimination shotid always be incorporated in either the
amplifier or the power supply. Since the screen vol~ge
required is usually of the order of only 50 volts, condi-
tions are ideal for the application of the decoup~g
iilter method. Excellent decoupling action may be
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obtained by dropping the full power supply output
voltage down to the required screen voltage through a
very high resistance and by using a huge bypass capac-
itance between the screen and the zero potential part
of the ampliiier circuit. Quite often it will be necessaq
to use this method only in the fit stage of the aznpli-
fier, as is the case in the amp~er of figure 3. The
remaining stages may usually be supplied with screen
voltage &m a tap at the proper point on the power
supply voltage divider. This tap should be bypassed
to the negative terminal of the power supply by a very
large capacitance. Because of the low voltage involved,
electrolytic condensers are especially suitable for this
service.

PRACTICALDESIGN PROCEDURE

In the design of an ampliiier and power-supply com-
bination, due consideration ehould be given to the
factors discussed and every effort be made to arrive at
n suitable design before constmction. It should not,
however, be expected that the completed system will
prove to be hwe from trouble. So many un.lmown and
undetennirmble factors are involved in such a highly
complex problem as a three or more stage ampliiierwith
two or more power supplies, that the approximations
necessary usually fall short of complete validity. In
general, the best that may be hoped for is an amplifier
that may be made satisfactory by minor changes of
circuit constants, rather than by complete recon-
struction.

Such an amplifier having been obtained, the proced-
ure to be used in the adjustment of its characteristics is
one of the cuband-try type. Each ampl.Meris a unique
problem rmdmust be treated as such. As an example,
the procedure in the case of the ampliiier and power,
supply system of figure 3 -willbe considered.

This apparatus was originally intended to consist of
three high-amplification stages operating from one
power supply and a phase inverter+utput stage com-
bination on a separate power supply. Upon comple-
tion it was found that the three-stage amplifier had
excessive low-frequency amp~cation and that the
phase inverter-output stage combination was unstable.
By trial it was found that the instabili~ could be cured
by using separate power supplies. With this end in
view, the phase inverter was attached to the same
power supply as the fit three stages and, in addition
b curing the trouble in the phase inverter-output
stage combination, this change greatly reduced the low-
frequency distortion of the fit three stage9.

Further reduction of the frequency distofion in the
first four stages was obtained by changing the screen
voltage supply circuit so that the tit tube received
its screen voltage thro~oh a l-megohm dropping
resistor from the 250-volt plate voltage supply, instead
of from the 50-volt tap on the power supply voltage

divider. It was found necewmxyto use a paper dielec-
tric condenser for the bypass at the screen grid of the
fit tube because of the large voltage fluctuations that
resulted when an electrolytic condenser, with ita more
variable leakage resistance, was used. For the 100-
microfarad bypass condenser across the 50-volt tap
for the screen voltage of the other tubes, electrolytic
condensem proved satisfactory.

Tests now indicated that the frequency chmacter-
istic of the complete ampliiier system was satisfactory,
except for a slight loss of amplification at the lower
frequencies, but that the over-all amplification was
excessive. By a reduction of the amplification at the
grid of the fourth stage, thus at the same time producing
a reduction of the current through Z., it was possible
to bring the over-all amplification to the desired level
and to improve the frequency characteristic. The fhal
result is illustrated by figure 5.

CONCLUDING REMARKS

It is hoped that the material presented will prove
useful to others faced with the problem of designing
similar apparatus. No attempt has been made at an
exhaustive treatment. The aim, rather, has been to
present, under one cover, sufficient data so that a person
not particularly familiar with the design of such
apparatus may proceed on a sound baais. For addi-
tional information the reader should refer to any of the
standard works on communication engineering, for
instance, reference 8.
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